We aimed to assess interventricular and right-intraventricular dyssynchrony in patients after tetralogy of Fallot (TOF) repair by two-dimensional (2D) speckle tracking and to identify factors associated with dyssynchrony.
Forty-two patients after TOF repair with a mean age of 19.8 years and 42 age-matched healthy controls were studied. Longitudinal myocardial deformation (strain) and time-to-peak intervals were assessed by 2D speckle tracking and tissue Doppler imaging (TDI) in an apical four-chamber view. Dyssynchrony was defined as delay above 3 standard deviations of mean values in the control group. Magnetic resonance imaging (MRI) was performed for evaluation of ventricular function. Using 2D speckle tracking, 22 patients (52%) showed interventricular dyssynchrony and 16 (38%) had right-intraventricular dyssynchrony. The interventricular delay correlated significantly with right ventricular (RV) strain (r ¼ 0.687, P , 0.001), RV systolic pressure (r ¼ 0.535, P ¼ 0.001), QRS duration (r ¼ 0.466, P ¼ 0.002), RV end-diastolic (r ¼ 0.377, P ¼ 0.018), and RV end-systolic volumes (r ¼ 0.452, P ¼ 0.004) as well as RV ejection fraction (r ¼ 20.378, P ¼ 0.018). Similarly, the right-intraventricular delay correlated significantly with RV strain (r ¼ 0.534, P , 0.001), QRS duration (r ¼ 0.428, P ¼ 0.005), RV end-systolic volume (r ¼ 0.34, P ¼ 0.038), and RV systolic pressure (r ¼ 0.413, P ¼ 0.015). In multivariate regression analysis, reduced RV strain and prolonged QRS duration remained the main determinant factors predicting dyssynchrony. Moreover, 2D speckle tracking and TDI showed a significant correlation in the assessment of the interventricular (r ¼ 0.738, P , 0.001) and right-intraventricular delay (r ¼ 0.747, P , 0.001).
Conclusion
Interventricular and right-intraventricular dyssynchrony are detectable in patients after TOF repair by 2D speckle tracking. Reduced RV myocardial deformation and QRS prolongation are the main factors associated with the observed dyssynchrony.
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Introduction
The increased survival of patients with congenital heart disease leads to a growing number of adolescent and adult patients with postoperative cardiac residua and sequelae, which significantly influence the long-term morbidity and mortality. 1 In patients with tetralogy of Fallot (TOF), residual defects in the right ventricular (RV) outflow tract after corrective surgery, such as pulmonary stenosis or regurgitation, are associated with RV pressure or volume overload. Furthermore, electrophysiological abnormalities such as QRS prolongation and right bundle-branch block (RBBB) that develop as a consequence of the haemodynamic burdens in the right ventricle or as a result of intraventricular repair may persist after operation. 2, 3 This electric aberration has been described as a predictor of malignant ventricular arrhythmias in TOF patients. 4 The role of electromechanical disturbances and delayed conduction in the RV in patients with repaired congenital right heart disease is not clearly elucidated. The majority of studies have been focused on left ventricular (LV) dyssynchrony in patients with left bundle-branch block. Cardiac resynchronization therapy (CRT) has been established as a standard therapy for selected patients with LV dysfunction and left bundle-branch block and has been included in the guidelines of the American and European cardiac societies. 5 Whether CRT may also be indicated in patients with RV dysfunction and RBBB is unclear. The experience in this field is limited and restricted to a small number of patients. 6, 7 Before considering such invasive therapies, accurate assessment of the role of delayed contractile function and calculation of resulting inter-and intraventricular dyssynchrony is essential. We and others have demonstrated the accuracy of tissue Doppler-derived strain to measure delayed time intervals of systolic contractile deformation using time from q-wave to peak of maximal myocardial deformation. 8, 9 Longitudinal strain analysis has been found to reflect the systolic myocardial contractile delay more accurately than using the wall velocities. 8 A novel method to assess cardiac dyssynchrony has been introduced by 2D speckle tracking. 10, 11 This is a type of strain imaging in which speckles can be followed from frame to frame using greyscale B-mode images. In contrast to the conventional tissue Doppler imaging (TDI), angle independence is one of the main advantages of the 2D speckle tracking method to overcome limitation in the assessment and interpretation of strain values. 12 The aim of this study was first to test the hypothesis that interventricular and right-intraventricular dyssynchrony are present in patients with surgically repaired TOF and RBBB using the novel 2D speckle tracking in comparison to conventional TDI and, second, to evaluate interrelationships of dyssynchrony with other collected volumetric and functional data for the RV and LV by means of echocardiography and magnetic resonance imaging (MRI).
Methods
Patients
In our cross-sectional echocardiographic study, 42 patients after corrective surgery for TOF and 42 age-matched healthy controls were included. The patients were included within a longitudinal multicentre project on congenital right heart disease of the Competence Network for Congenital Heart Defects in Germany (Clinical trials.gov NCT00266201). The study was designed, performed, and controlled according to guidelines of Good Clinical Practice and the ethics committees in the various participating centres. Informed written consent was obtained from all the patients or their parents. Inclusion criteria were patients after TOF repair aged 14 years or older. Exclusion criteria were inadequate transthoracic window for echocardiographic strain examination, contraindication for performance of MRI, and other relevant diseases such as malignoma, thyroid, renal or liver dysfunction, or ongoing therapy with b-blockers.
The mean age of the patients at the time of examination was 19.8 + 7.4 years, with a range from 14 to 53 years and the mean age at corrective repair was 3.4 + 4.2 years. The interval between surgery and follow-up was 16.4 + 5.7 years, with a range from 9 to 43 years.
During initial surgical repair, the RV outflow tract (OT) has been reconstructed with insertion of an RVOT patch in 11 patients (26%) and 12 patients (29%) received a transannular patch. A replacement of the pulmonary valve was performed in 15 patients (36%) as primary surgical correction, while in three patients (7%), a commissurotomy was the solitary primary treatment, and in one patient (2%), no information regarding the way of operation could be determined. A secondary operation was necessary in 17 patients (40%).
Thirty-two patients (76%) were in New York Heart Association (NYHA) functional class I, while 10 patients (24%) were in class II. Data from the patients with TOF were compared with findings from 42 age-matched healthy controls. Their mean age was 19.24 + 5.9, with a range from 11 to 35 years.
Echocardiography
All patients were examined by echocardiography using a 2.5 -3.5 MHz phased-array transducer with a Vingmed Vivid 7 ultrasound system (GE Vingmed, Horten, Norway). Longitudinal myocardial strain and strain-derived electromechanical delay intervals were assessed by 2D speckle tracking and TDI. Real-time 2D scannings of different standardized views from the RV and LV in four-chamber view were digitally stored as video loops and transferred to an image database via a web data program for further 2D speckle tracking analysis. All images were recorded with a frame rate of 40 -80 fps to allow reliable operation of the 2D speckle tracking software. 13 For TDI acquisition, the RV and LV free wall as well as the interventricular septum (IVS) were separately imaged from an apical four-chamber view with an optimal resolution of at least 180 fps and the sample was placed in a mid-myocardial position with a size of 20 × 8 mm. For each wall, myocardial deformation as strain and strain rate was examined at basal, middle, and apical segments. Offline analysis was performed using a special software program (EchoPAC 6.1.0 GE Vingmed).
Assessment of dyssynchrony
For each myocardial segment, the time interval between the onset of the q-wave and the peak of regional myocardial strain was assessed.
The mean time interval of each wall was then calculated from its respective three segments. The interventricular delay was quantified by measuring the time difference from the mean time interval of the RV free wall to that of the LV lateral wall ( Figure 1 ). The intraventricular delay of the RV could be obtained by measuring the time difference from the mean time interval of the RV free wall to that of the IVS 8 . To define intra-and interobserver variability, 2D speckle tracking measurements were repeated for 20 randomly selected patients by the same observer (M.M.) and by a second independent observer (K.H.).
Assessment of interventricular and right-intraventricular dyssynchrony
Magnetic resonance tomographic study
Magnetic resonance tomographic studies were performed on the same day as the echocardiographic examination in all 42 patients. For MRI, a 1.5 T scanner (Philips Intera CV or Siemens Sonata) with a four-channel phased-array coil was used. All patients underwent a standardized full assessment, including quantification of the degree of pulmonary regurgitation (PR) by non-breath-hold phase-velocity mapping in a plane transecting the reconstructed pulmonary trunk, and measurement of end-systolic and end-diastolic volumes, myocardial mass, and ejection fraction.
Electrocardiogram
All patients had a 12-lead surface resting ECG performed at a speed of 50 mm/s and 1 mV/cm standardization. Maximal QRS width in any lead was measured from the first to last sharp vector crossing the isoelectric line.
Statistical analysis
All digitally stored echocardiographic data were analysed using the statistical software of SPSS 15.0. Data were expressed as mean + standard deviation (SD). Student's t-test was used to assess the differences between two unpaired groups, and one-way ANOVA test with the Bonferroni post hoc correction was performed to compare data between multiple groups. For analysis of correlation, the parametric Pearson correlation was performed. By including the significant parameters of the univariate analysis, regression analysis with backward selection was used as a multivariate differential analysis method. Agreement of measurements was calculated according to BlandAltman. We considered a P-value of ,0.05 to be statistically significant.
Results
Electrocardiogram
All patients included after TOF repair had an RBBB. The mean QRS duration was 150.7 (+16.9 SD), with a range from 110 to 180 ms. Thirty-eight TOF patients (91%) had a QRS duration of .120 ms, whereas in four patients, the duration was ≤120 ms (9%).
Myocardial deformation and electromechanical delay using two-dimensional speckle tracking Compared with controls, longitudinal peak strain values were significantly reduced in the free wall of the RV and the IVS in patients with TOF after surgical repair. Longitudinal peak strain values for the LV lateral wall were similar in patients and controls ( Table 1) .
Patients with TOF showed a prolonged time-to-peak systolic strain in the RV free wall resulting in significantly longer interventricular delay, between RV free wall and LV lateral wall, in comparison to healthy controls (P , 0.001). The right-intraventricular delay, the calculated delayed time to reach maximal deformation between RV free wall and the IVS, similarly showed a significantly longer time interval in TOF patients (P , 0.001) ( Table 1) . The intra-and interobserver study for 2D speckle tracking derived delay intervals are shown in the Supplementary data online. 
Interventricular and right-intraventricular dyssynchrony
According to the calculated interventricular and rightintraventricular delay among the studied control subjects, a normal range (mean + 3 SDs) was plotted. On the basis of the normal range, interventricular dyssynchrony and rightintraventricular dyssynchrony were defined as delay values above the normal range of the control group (.70.7 and .73.4 ms, respectively). Using this range, TOF patients were further divided into two groups. The first group included those without dyssynchrony, who had a delay within the normal range (,3 SD). The second group of TOF patients with dyssynchrony consisted of patients in whom the delay was beyond 3 SDs of the mean values of controls. The general characteristics, ECG, echocardiographic, and MRI findings for the patients with and without 2D speckle tracking determined dyssynchrony are shown in Table 2 . In the Supplementary data online, there is a comparison of 2D speckle tracking and TDI in the assessment of dyssynchrony. The section also contains a complete analysis of the influence of the primary surgical correction strategies on dyssynchrony.
Using 2D speckle tracking, 22 patients (52%) showed interventricular dyssynchrony, which was mainly due to the significant delay of deformation (longer time-to-peak) in the RV free wall rather than in the LV lateral wall (85.86 + 13.44 ms). The interventricular delay correlated significantly with the reduced strain in the RV free wall (r ¼ 0.687, P , 0.001) (Figure 2A) , RV systolic pressure (r ¼ 0.535, P ¼ 0.001), QRS duration (r ¼ 0.466, P ¼ 0.002) ( Figure 2B ), RV end-diastolic (r ¼ 0.377, P ¼ 0.018), and RV endsystolic volume (r ¼ 0.452, P ¼ 0.004) as well as RV ejection fraction (r ¼ 2 0.378, P ¼ 0.018).
Sixteen patients (38%) exhibited right-intraventricular dyssynchrony with a delayed time to maximal deformation of the RV free wall in regard to the IVS (90.38 + 10.04 ms). In univariate analysis, the right-intraventricular delay correlated significantly with RV strain (r ¼ 0.534, P , 0.001), QRS duration (r ¼ 0.428, P ¼ 0.005), RV end-systolic volume (r ¼ 0.34, P ¼ 0.038), and RV systolic pressure (r ¼ 0.413, P ¼ 0.015).
Multivariate analysis
We performed a multivariate regression analysis with backward selection to determine the main parameters influencing interventricular and right-intraventricular delay. As independent variables, RV strain, QRS duration, RV volumes and ejection fraction, and RV systolic pressure were included for interventricular delay. Multivariate regression revealed that prolonged QRS duration (P ¼ 0.013) and reduced RV myocardial deformation have the most powerful impact on interventricular delay (P , 0.001). For right-intraventricular delay, we included QRS duration, RV systolic pressure, RV end-systolic volume, and RV strain. Similar to statistical results concerning the influencing factors on the interventricular delay, the combination of prolonged QRS duration (P , 0.001) and altered RV myocardial deformation (P ¼ 0.008) showed again the most significant influence on delay within the RV.
Discussion
This study demonstrates interventricular and right-intraventricular dyssynchrony in patients after TOF repair with RBBB by means of the novel 2D speckle tracking method. According to the multivariate analysis, our results indicate that QRS prolongation and reduced regional RV function had a significant impact on interventricular and right-intraventricular dyssynchrony in these patients. Further MRI analysis of ventricular volumes and function revealed that also RV pressure and volume overload are associated with the observed disturbance in electrical synchrony.
Ventricular dyssynchrony in patients after tetralogy of Fallot repair
Studies regarding the value of dyssynchroneous contractile function in the RV and LV in TOF patients with RBBB are sparse and were mainly focused on LV dyssynchrony. Abd El Rahman et al. 8 reported that adult patients after TOF repair may have LV dyssynchrony and altered regional and global LV function.
The present study is focused on electromechanical delay of the RV free wall and resulting interventricular and right-intraventricular dyssynchrony. Considering the predominant longitudinal contraction pattern of the RV, the best approach to analyse dyssynchrony is using longitudinal strain in an apical four-chamber view.
14 Using 2D speckle tracking, we found that 52% of the examined patients after TOF repair with RBBB had interventricular dyssynchrony and 38% showed right-intraventricular dyssynchrony beyond 3 SDs of the mean value of controls. Compared with controls, the time intervals to reach the maximal deformation in the RV are significantly reduced, which explains the calculated interventricular and Assessment of interventricular and right-intraventricular dyssynchrony right-intraventricular dyssynchrony in these patients. This pattern of electromechanical delay is in accordance with previous studies that reported a delayed activation of the RV free wall with TDI in TOF patients by using wall velocities.
15,16
Factors influencing intraventricular and right-intraventricular dyssynchrony
Uni-and multivariate regression analysis revealed that the decreased longitudinal myocardial deformation in the RV free wall, representing the altered systolic contractile RV function, leads to delayed time intervals to reach the maximal deformation. RV pressure overload and RV hypertrophy expressed by the quantitatively measured muscle mass using MRI also seem to be related to the reduced and delayed RV contractile function. Moreover, TOF patients with transannular patch as primary surgical correction are more likely to develop dyssynchroneous myocardial function than TOF patients with initial pulmonary valve replacement. In previous studies, corrective repair using a transannular patch has been found to be associated with more long-term postoperative morbidities such as PR and RV volume overload. 17 We also found that the interventricular delay correlated significantly with the magnitude of RV end-diastolic and end-systolic volumes. However, right-interventricular dyssynchrony only showed a significant correlation with end-systolic volume. The lack of significant correlation with RV end-systolic volume may be due to the fact that volume overload is generally better tolerated by the RV, 18 resulting in less dyssynchrony within the RV. But eventually, volume overload will lead to RV dilatation, which has a prognostic effect on the different long-term morbidities in these patients such as arrhythmia and secondary LV dysfunction. Our above findings indicate that both pressure and volume overload seem to be associated with dyssynchroneous contractile function in these patients. However, we found no significant difference for MRI-determined PR fraction and volume between patients with and without dyssynchrony, which supports the idea that the development of dyssynchrony seems to be multifactorial and not dependent on solitary factors alone. 19, 20 QRS prolongation and cardiac resynchronization therapy implications According to our results, multivariate analysis showed that prolonged QRS duration has an important impact on interventricular and right-intraventricular delay, especially in the presence of altered and reduced RV systolic myocardial deformation. The prolonged QRS duration in the patients with ventricular dyssynchrony may suggest that an additional electrical factor apart from the mechanical element contributes to the development of ventricular dyssynchrony. Interestingly, statistical analysis revealed that the presence of prolonged QRS duration alone does not seem to be a powerful predictive parameter for interventricular and rightintraventricular dyssynchrony. 21 Given the fact that the rationale for biventricular stimulation by CRT is the resynchronization of mechanical dyssynchrony, QRS duration alone may not be predictive for clinical and echocardiographic responses to CRT as well. 22 The use of CRT has been recently described in the treatment of systemic RV dysfunction associated with various congenital heart malformations and has been reported to have beneficial effects even in asymptomatic patients.
6,7
Value of two-dimensional speckle tracking in the assessment of dyssynchrony
In contrast to conventional TDI, 2D speckle tracking is less demanding due to angle independency and the use of B-mode images with a frame rate is more consistent with standard imaging. 12 Moreover, the automatic tracking algorithm allows a less time-consuming post-processing than TDI, which makes it easy to perform and more reliable. Our results showed that similar values for electromechanical delay and dyssynchrony were found using 2D speckle tracking and TDI. Although each method is based on different techniques for determination of myocardial deformation, a significant correlation was detected for the delay time intervals. 2D speckle tracking seems to be an important and easy to perform addition to TDI in the assessment of ventricular dyssynchrony in TOF patients after surgical repair with an acceptable inter-and intraobserver variability.
Study limitations
The lack of patients with significantly impaired LV function in our study may limit the value of our results in regard to indication of CRT. In addition, the cross-sectional design of the present study did not provide information on long-term effects of interventricular and right-intraventricular dyssynchrony on LV dysfunction and possible indication for CRT. The variables used in uni-and multivariate analysis are also bound to demonstrate co-linearity since these are all related to systolic RV function. Moreover, there is a large age variation in the study population. Therefore, it is likely that the primary surgical approach is different in the younger patients in comparison to the older patients, which may also have an impact on the extent of dyssynchrony. Finally, larger studies are needed to further examine the relationship between electrical and mechanical activation of the RV in TOF patients.
Conclusion
Interventricular and right-intraventricular dyssynchrony are detectable in the majority of adult and adolescent patients after TOF repair and predominantly related to altered and delayed longitudinal myocardial function in the RV rather than in the LV. Pressure and volume overload are associated with this electromechanical delay; however, reduced RV myocardial deformation and QRS prolongation have the main effect on dyssynchrony in these patients. 2D speckle tracking offers new opportunities to quantify electromechanical delay in patients after TOF repair and seems to be equivalent to TDI in the assessment of ventricular dyssynchrony in these patients. The value of the findings in regard to therapeutic intervention has to be evaluated in ongoing prospective multicentre studies.
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Supplemenatary data are available at European Journal of Echocardiography online. Assessment of interventricular and right-intraventricular dyssynchrony
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